Abstract -In this paper we present a fabrication process of complete CdTe thin-film solar cells where the CdTe absorber layer is made by pulsed electron deposition (PED) method. PED is a high-density pulsed energy thin film deposition system that allows high-energy growth at lower substrate temperatures. In order to analyze and optimize the fabrication process we started from our baseline where CdTe is deposited in a vacuum chamber and then annealed after CdCl 2 deposition (by dipping in methanol solution). Cells with CdTe absorbers made by PED and by vacuum evaporation have been compared in terms of electrical and physical properties. Efficiency for thin CdTe devices demonstrates that PED allows fabricating a very compact and dense film.
I. INTRODUCTION
PED is a high-density pulsed energy thin film deposition system that allows high-energy growth at low substrate temperature. It has given very promising results for CuInGaSe 2 solar cells made at IMEM, CNR, allowing the deposition of this complicated compound using a single source target [1] .
In order to analyze and optimize the fabrication process we started from our baseline where CdS and CdTe are deposited in a vacuum chamber and then annealed after CdCl 2 deposition (by dipping in methanol solution). Transparent front contact made by conductive indium tin oxide (ITO) and insulating (ZnO), is deposited by radio frequency sputtering (RFsputtering). Back contact, namely Cu/Au, is deposited by a simple vacuum evaporation system.
The electron gun system is based on a principle named Channel Spark Discharge, where a voltage and current pulse is applied to a hollow cathode generating, in argon atmosphere, a dense plasma; the electrons that are extracted from the plasma propagate through a dielectric capillary tube connected to the cathode towards the target causing its ablation.
In vacuum, which is typically used for thin film deposition (10 -2 -10 -5 mbar), this gas jet does not suffer substantial space dispersion on the length scale of some cm so that it can be delivered just in front of the target material. A high voltage pulse with amplitude of up to 30 kV and duration of less than 1 μs is applied to the cathode through a system of trigger and auxiliary electrodes causing a strong ionization of the gas jet.
The material originating from the target ablation is highly energized due to the high energy density of the electron bunch, allowing a very strong crystallization of the thin film polycrystals at low substrate temperature.
II. EXPERIMENTAL
The CdTe layers have been deposited in a dedicated vacuum chamber, equipped with a PED source produced by Noivion, a rotary and turbo-molecular pumps being able to provide vacuum down to 10 -7 mbar. The distance between target and electron gun has been fixed at about 4 cm, but on the other hand it was possible to tune different other parameters such as argon pressure , electron pulse frequency, acceleration voltage and chamber pressure.
The pressure during the deposition was in the range of 10 -4 -10 -3 mbar, while the acceleration voltage was in the range of 13-16 kV. Different substrate temperatures have been tested: from room temperature up to 300 -400 °C.
The CdTe solar cells were prepared on a common soda lime glass, coated with a bi-layer of 300 nm ITO and 100 nm ZnO by radio frequency (RF) sputtering at a temperature of 400 °C.
The buffer layer, namely CdS, is deposited by vapor deposition at a pressure of 1*10 -6 mbar and at a substrate temperature of 100 °C, with a thickness of 400 nm. On top of this stack CdTe is then deposited by PED as described above and successively activated by the deposition of CdCl 2 and a subsequent annealing in air. CdCl 2 is diluted in methanol solution, distributed on the CdTe surface and dried at 55 °C. The stack of layers is annealed in a furnace, with a temperature ramp for of 20 minutes up to 395 °C, and then left at this temperature the sample in air for 30 minutes.
Back contact is made by etching the surface in brominemethanol and depositing 2 nm of copper and 50 nm of gold by vacuum evaporation. Finally the back contact is annealed at 190 °C for 20 minutes in air.
Layers and finished solar cells were analyzed by different measurement systems. Current-voltage (JV) characteristics are performed with a Keithley SourceMeter 2420 at room temperature. X-ray diffraction (XRD) analysis on the different absorber layers was performed by a Thermo ARL X'TRA powder diffractometer, operating in Bragg-Brentano geometry equipped with a Cu-anode X-ray source (K α , λ = 1.5418 Å) and using a Peltier Si (Li) cooled solid state detector. Treated CdTe layers were observed by atomic force microscopy (AFM) with a NT-MDT Solver Pro in semi-contact mode.
A. Solar Cells Fabrication
In our standard process CdTe absorber layer is also deposited by VE and the substrate is heated up to 340 °C during the deposition [2] . Starting from this baseline we have substituted our standard VE deposited CdTe film with the one deposited by PED.
The gas pressure, the target-sample distance, the substrate temperature can influence the deposition rate and the quality of the CdTe film.
The plasma is generated by applying voltage in the range from 5 to 10 kV. We observed that plasma is unstable for voltages lower than 6 kV and the deposition process was optimized with voltages from 7 to 10 kV, resulting in different deposition rates. The applied voltage of 10 kV resulted in a plasma current of 7 -9 mA and in a deposition rate of 2 nm/sec.
After CdTe deposition, CdCl 2 was deposited by putting 20 drops of 30 % CdCl 2 -methanol saturated solution and subsequently the layers stack was annealed in air at a temperature of 380 °C [3] . After the treatment, the CdTe surface was cleaned by a Br-MeOH etching for 20 seconds.
III. ANALYSIS OF THE LAYERS

A. Properties of CdTe Layers Made By PED
AFM measurements show that as-deposited CdTe layers made by PED have different morphology with respect to the CdTe deposited by vacuum evaporation. The deposited layer is a polycrystalline film, but it is not possible to see the typical CdTe structure [3] . Continuous, uninterrupted surface with a honeycomb-like pattern was observed by AFM (see Fig. 1 ). The possible explanation of this effect can be found in the configuration of the system. In the system used, the sample is not perpendicular to the material vapor flux. This configuration was used in order to ensure the uniform heating of the sample. In this case the material flux reaches the sample with the angle of 30° -45° and this results in a smoother film surface.
The resulted morphology of treated CdTe films deposited by PED is similar to the ones' deposited by VE (see Fig. 2 ) however the grain size is slightly larger for PED deposited CdTe. After CdCl 2 treatment a large modification of the film morphology is observed, the CdTe is completely recrystallized and large grains are formed with a size in the range of 0.5-3 μm (see Fig. 2 ). This morphology is expected, since it is known that CdCl 2 provides a recrystallization of the absorber [4] and anyway the "honeycomb" structure is fully lost. In order to verify the structure of the PED-CdTe layers, XRD analysis of the as-deposited CdTe layer was performed. The patterns show a typical CdTe cubic structure, which was observed also for samples deposited by VE [2] . If the PED asdeposited sample has very strong (111) preferential orientation (see Fig. 3 ), after CdCl 2 treatment this peak is strongly reduced and the film becomes more (220) oriented with very sharp peaks, showing an extraordinary low strain and a different orientation of the peaks compared to treated CdTe deposited by VE, where the predominant peak is the one attributed to the (311) orientation.
It is well know that as-deposited CdTe layers are exposed to a compressive stress due to a mismatch between CdS and CdTe. The CdCl 2 treatment enhances the intermixing of CdTe with CdS by sulfur diffusion and, most important, this leads to a reduction of the CdTe lattice mismatch and a relaxation of the compressive stress. To study this effect on our PED samples, the lattice parameters of as-deposited and treated CdTe layer were calculated from XRD measurements, applying the Nelson-Taylor plot calculation [5] . Lattice parameters were calculated by fitting the position of the different peaks. Results show a very small lattice path compared to the standard values.
Fig. 2. AFM image of treated CdTe layers deposited by PED (top) and VE (bottom).
In former works we have observed that in general CdTe deposited by VE has a lattice parameter of about 6.486-6.488 Å [3] . In this case, instead, the PED as-deposited CdTe shows a higher lattice parameter of 6.510 Å, probably due to the different growth as suggested by the honeycomb morphology shown in Fig. 1 . On the other hand a very large change is observed on the treated layer, that shows a lattice path of 6.454 Å, with a wide relaxation of the CdTe film and stress reduction.
IV. PERFORMANCE OF THE CELLS
The influence of the substrate temperature, during the deposition, on the device efficiency was studied. We made different set of solar cells with the absorber deposited at substrate temperatures in the range of 300-470 °C (in Fig. 4 three samples are shown as example); even higher temperatures revealed not to allow the CdTe to stick on the substrate. We observed that the more efficient devices are made at higher substrate temperatures (see Fig.4 ) and a similar behavior has been recorded for CdTe cells made by vacuum evaporation but at lower temperatures. Films made at higher temperature show a better quality, with bigger grains and a more dense and compact morphology, limiting the grain boundary effects. Moreover, there is a clear dependence of the cell efficiency on the activation treatment temperature and it enhances with temperature until it reaches an upper limit. A similar phenomenon has been observed also for VE-grown CdTe devices, but in their case the activation temperatures were higher, suggesting that (as previously shown with NelsonTaylor plot) the interdiffusion had already started for PEDCdTe during the deposition itself [3] .
Solar cells with CdTe absorbers made by PED method show efficiencies towards 12% (see Fig. 5 ). At the moment our best solar cell has reached conversion efficiency of 11.4 % (V OC = 800 mV, F.F. = 62%, J SC = 23 mA/cm 2 ) but with a CdTe thickness of only 2.5 μm. Most probably, higher efficiencies could be obtained for devices with thicker CdTe layers as also suggested by the low current density. 
V. CONCLUSIONS
We studied a process for depositing CdTe films by PED technique and in particular how its deposition temperature influences the device efficiency. We made different set of solar cells with the substrate temperature in the range of 300-470 °C. We observed that the more efficient devices are obtained at high substrate temperatures and a similar behavior has been recorded for CdTe cells made by vacuum evaporation, used as reference. Films made at high temperatures show a better quality, with bigger grains and a more dense and compact morphology. Moreover it has been noticed a clear dependence of the cell efficiency on the activation treatment temperature. The CdCl 2 treatment was applied at 360 °C, 370 °C and 380 °C: for even higher temperatures the efficiency drops. A similar phenomenon has been observed also for VE-grown CdTe devices, but activation temperatures needed to be higher, suggesting a CdS-CdTe inter-diffusion was already present in the as-deposited PEDCdTe [3] .
The efficiencies obtained so far are limited exclusively by the thickness of CdTe layers prepared. However comparing cells with similar CdTe thickness, deposited by PED and VE, similar efficiencies have been obtained and this result confirms the possibility to grow by the PED technique very compact and dense CdTe films for producing high efficiency solar cells with less amount of material, with respect to other deposition techniques.
